INTRODUCTION
The electrostatic precipitation process involves several complicated and interrelated physical mechanisms. The particles are given electric charges by forcing them to pass through a positive or negative corona, a region in which gaseous ions flow. Charged particles are then deflected from the main gas stream by an electric field to precipitate onto the collection plates, where they form dust layers of growing thickness. In theory, particles should be repelled from the corona discharging wires because of the strong ionic wind flow. Yet, one often observes particles, the finer ones in particular, depositing on the wires. This may appear a contradiction of the theoretical considerations. The reason is that fine particles are greatly influenced by turbulence and may therefore be blown onto the discharge electrodes. Also, particles may receive positive charges if within a very strong electric field closely surrounding it (Dorman 1974) .
The corona discharge characteristic of an electrostatic precipitator (ESP), which is a very important factor for particle collection efficiency, depends on several parameters: wire-toplate spacing, wire diameter, wire material, applied voltage and its polarity, etc. Significant efforts both in theoretical and experimental studies have been made for the improvement of corona discharge. There have been a number of significant advances resulting in ESPs with very high collection efficiencies (Awad and Castle 1975) . However, in practical use of an ESP, the discharge electrodes and collection plates become contaminated with an increasing operational time. The properties and behavior of the dust layer interest us because they affect the external conditions in which the separating process takes place. From this perspective, any dust layer is a nuisance, which tends to impair the collection efficiency. However, only a relatively small number of studies have addressed the effects of particle accumulation on the discharging electrodes or the collection plates. Although a theoretical approach for describing the electrical characteristics of a precipitated dust layer in an ESP was proposed (McDonald et al. 1980 ), quality experimental data, which are necessary for constructing appropriate models and for use in comparing the predictions of models, are incomplete or unavailable.
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S.-H. HUANG AND C.-C. CHEN Generally, the collection efficiency of an ESP decreases as the discharging electrodes and collection plates are contaminated with particles. Therefore both the discharging electrodes and collection plates have to be cleaned periodically. This is usually accomplished by knocking them loose from the wires and plates, allowing the dust layer to slide down into a hopper from which they are evacuated. In many practical applications, removal of the collected particulate layer from the collection plates presents a serious problem since the removal procedures introduce collected material back into the gas stream, causing a reduction in collection efficiency. Particle resistivity is one of the major factors that govern the behavior of deposit layers and thereby its effect on the separating process. In general, the most optimal domain of resistivity for the ESP is in the range from 10 4 to 10 11 -cm (Ogawa 1982) . In practice, the range of particle resistivity is always divided into 3 broad categories: low-resistivity, normal-resistivity, and high-resistivity (Dorman 1974; Bohm 1982) . Although the effects of particle resistivity on the precipitation process are well known, experimental data is seldom available.
In using an ESP as an indoor air cleaner, ozone generation due to corona discharge is an important problem. As aforementioned, the corona discharge characteristics might be altered because of the contamination of the discharging wires and/or collection plates. Therefore it is conceivable that the ozone generation rate may differ after the electronic air cleaner has been used for a period of time.
Several studies showed the influence of the discharge electrode surface contamination on the ozone generation (Dorsey and Davidson 1994; Kanazawa et al. 1997 ). The contaminated electrode was suggested as a cause of ozone generations. The most plausible mechanism for electrode contamination to increase the ozone generation rate is through an increase in ion current (Dorsey and Davidson 1994) . However, even though the experimental data are considered to be practical and useful, the experimental conditions were not identified clearly. Meanwhile, the corona discharge characteristics may be altered due to the contamination of collection plates. In a recent review of air cleaner test methods currently adopted, Davidson and McKinney (1998) showed that neither test based on clean air delivery rate (AHAM 1989 ) and ASHRAE 52.1 (1992) accounted for changes in performance that occur with use. Although periodic cleaning, which is often recommended by manufacturers may avoid the degradation of air cleaner performance, very little reliable quantitative data is published that relates the ozone generation rate and collection efficiency to contaminated wires and/or collection plates.
In this study, a laboratory scale wire-plate ESP was designed, built, and operated in a test chamber. The influence of particles with different electrical property accumulation on both the discharging electrodes and the collection plates were experimentally studied. Simultaneous measurements of the dust cake thickness accumulated on the collection plates, ESP's collection efficiency, corona discharge characteristics, and ozone concentration were conducted in order to investigate the particle loading effects.
EXPERIMENTAL MATERIALS AND METHODS
The experimental setup consisted of 6 components: a clean air test chamber, a particle generation system, a pilot scale one stage wire plate ESP, a particle size distribution and number concentration measurement system, a dust layer thickness detection device, and an ozone analyzer. The schematic diagram of the test system is shown in Figure 1 and experimental conditions are listed in Table 1 . The test chamber was made of Plexiglas and operated at the ambient temperature. The air velocity used in the study, if not specified, was 18.3 cm/s (equal to a total flow rate of 100 L/min). The relative humidity of the gas was about 5-10%. Two kinds of solid challenge particles, cement and aluminum oxide (Al 2 O 3 ), were dispersed using a Palas Powder Disperser (model BEG-1000, Germany). The Palas Powder Disperser utilizes a variable-speed turntable to transport dust at a constant rate to the test chamber. Dioctyl Phthalate (DOP), which is a liquid material, was also used as challenge aerosol in order to investigate the loading effects of liquid particles on the ESP performance. DOP particles were generated by using a modified 4 jets atomizer. In order to avoid the particle charge effect, the particles were then passed through a 22.5 mCi Po-210 radioactive source (model P-2001, NRD Inc.) to neutralize the aerosol particles to the Boltzmann charge equilibrium. A laboratory-scale 3 wires single-stage wire-plate ESP (with dimensions of 12 (W) × 30 (L) × 7.6 (H) cm) was designed, built, and installed in the test section as shown in Figure 1 . Copper wires that are 0.3 mm in diameter were used as discharge electrodes. The ESP was energized by a high voltage DC power supplier (model SL50PN300, SPELLMAN High Voltage Electronics Corporation) to generate a negative corona. Values of the output voltage and current were read directly from the power supply. A scanning mobility particle sizer (SMPS, model 3934U, TSI Inc.) and an ultrafine condensation particle counter (UCPC, model 3025A, TSI Inc.) were used to measure the particle size distribution and number concentration, respectively. The measuring point was positioned at the center of the cross-sectional area of the test chamber. The aerosol flow was sampled through a sampling tube that was placed 20 cm downstream of the ESP outlet. Particle number concentration data obtained in the power-on and power-off modes were used to evaluate the aerosol penetration through the ESP. A displacement meter (LK-081, Keyence Corp. Osaka, Japan) was used to monitor the dust cake thickness accumulated on the collection plates. The displacement meter measures using triangulation. A laser diode shines a beam of light to the target. The light will diffuse off the surface and back to the sensor. The light is focused onto a charge coupled device (CCD) detector. As the target moves away from the sensor, the focused spot will move toward one end of the CCD. As the target moves toward the sensor, the focused spot will move toward the other end of the CCD. The position of the laser spot on the CCD is directly proportional to the distance to the target. The ozone generated by the ESP was sampled 20 cm downstream of the ESP exit and measured with an ozone analyzer (model 400, API Inc., San Diego, CA). Data were acquired on a personal computer equipped with a 12-bit A/D board. Ozone concentration, ion current, particle number concentration, and dust layer thickness were recorded as 1 s averages. Current-voltage (I-V) curves were acquired for each test. All airflows were controlled and monitored by mass flow controllers (Hastings Instruments, Hampton, VA).
The electrical resistance depends on many variables, including composition, size, compaction, electric field applied to the layer, and the temperature, humidity, and chemical composition of the surrounding air (White 1974) . Although using the resistivity value of bulk material measured under specified conditions as a reference might be a simple way, the most logical approach is to measure it under the real conditions. The severity of back corona increases with the resistivity of the particles (White 1974 ). Back corona is not significant when resistivity is below 10 10 -cm. Little or no back corona occurs for resistivities between 10 10 and 10 11 -cm. Above 10 11 -cm back corona begins and becomes increasingly severe as resistivity rises. Table 2 shows the characteristics of challenge aerosols used for loading tests. Two solid particles, cement and Al 2 O 3 , were chosen because of their varying resistivities. The commercial availability and the cost were another consideration. DOP was used as a challenge aerosol in order to investigate the loading effects of liquid particles.
The electrical resistivity normally is measured by using the resistivity meter based on the standard ASME PTC-28 code. Due to the lack of an appropriate resistivity meter, a technique (White 1974) , which is based on corona current suppression by the resistive dust layer, was used in the present study to calculate the dust layer resistivity of cement as follows:
where ρ is the resistivity of the dust layer, A is the area of the collecting plate, l is the dust layer thickness, V is the Ohm's law voltage drop through the dust layer, and i is the corona current. Moreover, the calculated value of cement's electrical resistivity is shown in Table 2 . Notice that this method cannot be applied to aluminum oxide because of the back corona, as will be discussed below.
RESULTS AND DISCUSSION

ESP Performance
In order to understand the basic properties of the ESP, several tests were conducted before the loading test. The simplest electrical characteristic of an ESP is the current-voltage (I-V) curve. Figure 2 shows the summarized I-V characteristics for various wire diameters under the particle-free condition. The temperature and relative humidity in the test chamber were 24
• C and 5%, respectively. The air velocity was 9.1 cm/s. As expected, electrical characteristics were affected by wire diameter. With decreasing wire diameter, corona onset voltage decreased and the I-V curve shifted to a higher current for a given voltage. These results agreed well with data presented by Boelter and Davidson (1997) .
Just as is shown in Figure 3 , for a fixed wire diameter ozone generation was linearly proportional to the current. At a fixed ion current, the ozone concentration decreased with decreasing elec- Figure 5 . Comparison of power consumption of ESP to different wire size versus aerosol penetration for a given particle size. trode wire diameter. For example, the ozone concentration decreased from 6,200 ppb to 2,500 ppb as wire diameter decreased from 0.8 mm to 0.3 mm at a flow rate of 50 L/min. This trend also agreed with a previous study (Boelter and Davidson 1997) .
We also examined the aerosol penetration through 0.3 and 0.8 mm wire ESP of different air velocity and electrical field strength although the figures are not shown in this paper. In general, the aerosol penetration increased with increasing air velocity because a lower air velocity allowed a longer retention time for particles to deposit on the collection plates. When tested At the same discharged current level, the aerosol penetration through the ESP with a larger discharging wire (0.8 mm) was lower than that with a smaller one (0.3 mm), as shown in Figure 4 . This is because for a larger wire, the applied voltage should be higher in order to achieve the same level of ion current (as shown in Figure 2 ) in the ESP with a smaller discharging wire. Therefore the effective migration rate of particles in the ESP with a larger discharging wire is larger, although the particle charges are the same. The difference of aerosol penetration through the ESP with different wire diameters became unobvious as the ion current increased. The relationship of power consumption, which is defined as the product of applied voltage and ion current, and aerosol penetration of particles that have the minimum collection efficiency (245 nm) is shown in Figure 5 . As the power consumption increased, both the electrical field strength and the ion density in the ESP increased and caused more particles with larger electrical migration velocity to deposit on the collection plates. Therefore aerosol penetration decreased with increasing power consumption. Moreover, to achieve the same level of collection efficiency, it is more energy conservative to use smaller discharging wire. Therefore in the following loading test, 0.3 mm wire was chosen as the discharge electrode.
Loading Test
The ESP performance deteriorated due to particle contamination of both the collection plates and the discharging electrodes. Figures 6a-d show the cement particle loading effects on the ESP performance. Figure 6a shows the dust layer thickness of cement particles as a function of precipitation time. The dust layer increased with increasing precipitation time and was about 5 mm thick at the end of loading test (about 120 min). During the period of 90-100 min, the view window on the top of the ESP was contaminated. Therefore the displacement meter did not work properly and resulted in data points missing during this period. Unfortunately, because of the limitation of the experimental apparatus used in this work, the uniformity of the dust layer was not measured. However, according to the visional observation, the dust layer is thick at the electrode region and becomes thinner along the direction of the airflow. There are many factors, including the kind of particles (Bohm 1982) , the size and distribution of the particles (Bohm 1982; Bush 1984) , the ion current and the electrical field strength (Yamamoto et al. 1998) , and the shapes and mutual arrangement of the particles (Bohm 1982) , may affect the structure of the dust layer. It is worth further study to investigate the effect of these factors on the morphology of the dust layer, and then to clarify the relationship between dust layer structure and the rapping reentrainment. Figure 6b shows the ion current characteristic of the ESP as a function of precipitation time. Subjectively, the curve in Figure 6b can be divided into 4 stages: clean electrodes stage, loading start stage, tuft discharge stage, and stable decreasing stage.
At the beginning of the test, the gas stream in the test chamber was free of particles and both the wire and collection plates were clean and polished. Therefore the corona began at a glow discharge (McLean 1988) , which spread quickly over the whole surface of the wire. At a electrical field strength of −5 kV/cm, the ion current was about 0.16 mA and did not change before the Palas dust feeder was turned on, as shown in Figure 6b . As the Palas dust feeder was turned on, the ion current decreased to about 0.13 mA as a result of the masking effects of cement particles on the ionic flow. After 20 min of the loading test, the ion current increased dramatically and was not stable, as is shown in the third stage of the current-precipitation time curve. The fluctuation may be due to the fact that the wire became contaminated Figure 8 . The aluminum oxide particle loading effects on the ESP performance. and the glow degenerated first to a series of unstable discharges, then to discrete tuft discharges uniformly distributed along the wire's length but pointing in different directions around its surface. Once the tuft corona emerged, one of the main effects was that for a given applied voltage the ion current increased (McLean 1988) . The phenomenon did not result from the back corona effect because (1) the calculated resistivity of the cement dust layer is 2.7 × 10 10 -cm, which is in the range of little or no back corona occurs (White 1974) ; (2) there was no back corona cave observed on the dust layers. Finally, as the cement particles gradually built up on the wire, the ion current was reduced because of the voltage drop across the dust layer and also the increase in the radius of the wire.
The total particle number concentration measured by the SMPS system that penetrated through the ESP as the test progressed is shown in Figure 6c . The aerosol penetration increased with increasing test time due to the reduction of the effective migration velocity of the particles. Figure 6d shows the ozone concentration downstream of the ESP. As expected, the amount of ozone that was generated by the corona discharge was related to the level of the ion current. However, in the third stage, although the ozone concentration also showed a dramatic increase, the level was still lower than that of the first stage. It is speculated that this phenomenon may have very likely resulted from the lower ion energy caused by the dust layer accumulated on the wire, and probably in part due to the reaction of ozone and cement particles. Figure 7 shows the discrepancy of aerosol penetration of particles in the size range of 30 to 600 nm at the beginning and the end of the loading test. For 300 nm particles, the aerosol penetration through the ESP increased about 4% (from 3.5 to 7.5%) after 120 min of the loading test. Another solid dust used in the loading test was aluminum oxide, Al 2 O 3 . It was chosen because its electric resistivity is larger than 10 15 -cm at 25
• C (Shackelford et al. 1994) . The loading effects of Al 2 O 3 particles on the performance of the ESP are shown in Figures 8a-d . The dust layer thickness increased with an increasing precipitation time up to about 5 mm and then decreased dramatically to almost zero due to breakaway by gravity and air drag force. In this case, the ion current increased rapidly at the beginning and then reached a stable stage, as shown in Figure 8b . The back corona emerged as the loading test began (Figure 8b ). However, the particle number concentration that penetrated through the ESP did not change much during the test (Figure 8c ). The same pattern as shown in Figure 8b was observed for the discrepancy of the ozone concentration (Figure 8d ). The fluctuation of ozone concentration shown in Figure 8d is likely due to the occurrence of back corona, not due to the instability of the aerosol generation system. Notice that the particle number concentration shown in Figure 6c was measured by using a SMPS system. The down-scan time was 30 s and the up-scan time was 300 s. Therefore one data point was recorded every 330 s. However, in Figure 8c , the particle number concentration was measured by using a CPC3320. Data were recorded at 1 s averages. That is why the data points were different between Figures 6c and 8c . Figure 9 shows the I-V curves at the beginning and the end of the loading test. For a given voltage, the ion current decreased when loading with cement particles. On the contrary, the ion current increased when Al 2 O 3 particles accumulated on the electrodes and collection plates. The difference apparently depended on the occurrence of back corona. The data points of I-V curves were recorded as 1 min averages. Therefore a nearvertical increasing of ion current and the accompanying lower spark-over voltage were averaged out and one not shown in Figure 9 .
A different deposition pattern arises when the challenge particle is liquid. These particles depositing on the electrodes are runny enough for them to flow freely down the electrodes. Consequently, only a thin film, which causes a voltage drop, forms Figure 10a . The displacement meter is very sensitive to vibration, which causes some of the data points below zero (negative thickness). After 20 min of the loading test, the ion current increased, although the dust layer thickness did not increase significantly (Figure 10b) , as did the ozone concentration (Figure 10d ). Back coronas are ruled out from the causes by the compact, nonporous nature of the film. The increasing of ion current in this stage might be caused by a changing corona pattern from glow discharge to tuft discharge, because nonuniform deposition of particles on the discharging wires was observed by microscope.
The structure of the dust layer depended largely on the properties of the particles. Figure 11 shows the dust layer of cement and Al 2 O 3 particles that formed on the collection plates. The dust layer of Al 2 O 3 particles appeared porous and fluffy, whereas it is more compact in the case of cement particles. Apparently, further investigations are needed to study the relationship between dust layer structure and particle reentrainment.
CONCLUSIONS
In this work, a laboratory scale wire-plate ESP was designed, built, and tested in a test chamber. At first, the basic performance properties of the ESP were tested in order to decide the operating conditions used for loading tests. Next, the influence of particles with different electric resistivity accumulation on both the discharging electrodes and the collection plates was experimentally studied. Simultaneous measurements of the dust cake thickness accumulated on the collection plates, ESP's collection efficiency, corona discharge characteristics, and ozone concentration were conducted in order to investigate the particle loading effects.
As a result of the present experimental study, the following conclusions were reached:
1. Experimental results indicated that aerosol penetration through the ESP tested decreased with increasing corona voltage or with decreasing flow rate through the ESP. The penetration was highly dependent on the particle size. The most penetrating particle size of the ESP ranged from 0.2 to 0.3 µm. To achieve the same level of collection efficiency, it is more energy conservative to use smaller discharging wire. Meanwhile, smaller discharging wire produced less ozone. 2. Particle loading effects on the performance of an ESP depend on the properties of the particles. One of the main factors is the electric resistivity. In general, the collection efficiency, ozone concentration, and ion current decreased with increasing dust layer thickness at a constant applied voltage in cement particles. However, at the early stage of the loading test, particles deposited on the discharging wire may change the discharging pattern from glow corona to tuft corona. At this stage, the ion current will increase abruptly and then decrease as the loading test progresses. The results also showed that the ozone concentration would be a more sensitive indicator than the aerosol collection efficiency in response to the change of the ion current.
3. The ion current increased as aluminum oxide particles deposited on the collection plates. The increase in aerosol penetration and ozone concentration was mainly due to the occurrence of back corona, which can be proved by the existence of the caves on the surface of the dust layers. 4. The dust layer of Al 2 O 3 particles appears porous and fluffy. It is more compact in the case of cement particles.
Further investigations are needed to study the relationship between dust layer structure and aerosol reentrainment. 5. The problem of rapping reentrainment has been studied by many researchers (Bush 1984; Kim and Lee 1998; Lee et al. 1998; Perevodchikov et al. 1998; Yamamoto et al. 1998) . The quantity and size distribution of rapping reentrainment emissions from ESPs has been measured. Bush (1984) reported that 14∼50% of emissions from cold side ESP was due to rapping. However, the removal of precipitated dust layers by rapping is a complex and poorly understood process, yet it seems probable that rapping reentrainment is a major factor limiting the performance of modern high efficiency precipitators. It was suggested that the dust layer structure might be an important factor that determined the degree of rapping reentrainment (Yamamoto et al. 1998) . Therefore a better understanding of the dust layer's physical and electrical characteristics is essential if we are to improve the transfer of dust from the collecting electrodes to the hopper.
